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Use of electron-energy loss near-edge fine structure in the study of minerals

LAURENCE A. J. GARVIE,* ALAN J. CRAVEN
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, U.K.

Rik BRYDSON

Department of Materials Science and Engineering, University of Surrey, Guildford, Surrey GU2 5XH, U.K.

ABSTRACT

High-resolution electron-energy loss near-edge fine structure (ELNES) recorded in a
scanning transmission electron microscope (STEM) is shown to provide information on
the local structure and bonding of specific types of atoms in minerals. The L,; ELNES
from Fe (Fe2+ and Fe3*), Mn (Mn?+, Mn?+, and Mn**), and Cr (Cr*+ and Cr*) show
valence-specific multiplet structures that can be used as valence fingerprints. In general,
the L, edge for a specific 3d transition metal exhibits a chemical shift toward higher energy
losses with an increase in oxidation state. Examples of mixed valence Fe- and Mn-bearing
minerals are presented where the presence of multiple valence states is distinguished by a
splitting of the L, edge. The high spatial resolution that can be obtained using the STEM
allows variations in the relative proportions of the oxidation states to be detected on a
scale down to 1 nm?. This resolution is illustrated from a sample of hausmannite that
shows different L,-edge shapes consistent with variations in the Mn2+-Mn>* ratio over
distances of ca. 100 nm. Furthermore, spectra of many elements exhibit ELNES shapes
characteristic of the nearest neighbor coordination, as is demonstrated for C in the car-
bonate anion and Si in the SiO, tetrahedral unit. The C K edge from CO?~ is compared
with that for elemental forms of C that exhibit very different ELNES. Similarly the Si L, ,
ELNES from a range of SiO%-containing minerals all show the same near-edge shape that
is very different from Si and SiC. ELNES allows for its semiquantitative analysis, which
is illustrated by two theoretical techniques. Finally, the effects of electron beam damage

are discussed in relation to the experimental changes observed in the ELNES.

INTRODUCTION

In a transmission electron microscope (TEM), the
high-energy incident electrons that have been elastically
scattered may be used to obtain images and diffraction
patterns from specific regions of the sample. This allows
important structural information to be deduced about the
sample. The high spatial resolution offered by TEM has
been uvseful for studying submicroscopic twins and exso-
lution lamellae in minerals. The TEM has also been very
useful in mineralogy for high-resolution structure imag-
ing. The incident electrons also undergo inelastic inter-
actions with the sample (Joy, 1993) and can provide fur-
ther information on the specimen. That has given rise to
a number of analytical techniques, such as electron-en-
ergy loss spectroscopy (EELS), energy-dispersive X-ray
spectroscopy (EDX), and Auger emission spectroscopy
(AES). In EDX and AES it is the secondary processes of
electron and photon emission that are studied, whereas
in EELS the signal is due to the primary process of elec-
tron excitation. EELS can provide valuable information
about the material under study, such as a quantitative
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chemical analysis on the nanometer scale. More impor-
tant, the electron-energy loss near-edge structure (ELNES)
of a core-loss edge can also provide information about
the valency, coordination, and site symmetry of the atom
undergoing excitation (e.g., Brydson et al., 1992a).

Recent advances in detector design, specifically the
availability of parallel EELS (PEELS) spectrometers (Kri-
vanek et al., 1987; Krivanek, 1989), allows data to be
collected that are comparable with those obtained by
X-ray absorption spectroscopy (XAS). Until recently, most
EELS systems employed serial detectors with which the
spectrum was acquired by scanning the signal across a
single detector, one channel at a time. The development
of parallel detectors, specifically multichannel arrays, has
allowed a large gain in the collection efficiency, typically
by a factor of 500, compared with earlier serial spectrom-
eters. Parallel detection allows high-resolution spectra to
be acquired from materials that were too beam sensitive
to be collected by serial EELS at comparable spatial res-
olutions.

This paper demonstrates the great potential of PEELS,
used in conjunction with a TEM, for providing infor-
mation about the crystal chemical environment of atoms
in minerals. Clay minerals and clay-sized minerals were
chosen for this study, as they can be difficult to charac-
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Fig. I. A representative EELS spectrum showing (a) the zero-
loss peak and low-loss region and (b) a core-loss edge from the
mineral gaudefroyite. To highlight the fact that most electrons
do not participate in an inelastic scattering event, the zero-loss
peak is shown to scale in a, together with an expanded view
illustrating the low-loss region. Following the low-loss region is
the monitonically decreasing background. (b) The edge onset
exhibits two intense white-line features due to the Ca L, , edge.
The EXELFS modulations are very weak and only just visible
on the tail of the edge.

terize by conventional analytical techniques because of
their fine-grained and often heterogeneous nature. The
paper concentrates primarily on two types of information
that can be gained from a qualitative analysis of the
ELNES spectra: (1) determination of the valency of 3d
transition elements, and (2) identification of local anion
and cation coordinations. The ability to model ELNES is
illustrated by two theoretical methods that provide semi-
quantitative information on the core-loss edges and hence
about the atom undergoing excitation. Consideration is
also given to effects induced by the electron beam on the
sample as revealed by the ELNES. Only a brief introduc-
tion to EELS is given; more detailed accounts can be
found in Egerton (1986) and Buseck and Self (1992). There
are many papers that deal with ELNES; introductory pa-
pers include Colliex et al. (1985), Brydson (1991), and
Brydson et al. (1992a).

THE EELS SPECTRUM

An EELS spectrum (Fig. 1) displays the electron inten-
sity as a function of energy loss and can be divided into

GARVIE ET AL.: ENERGY LOSS NEAR-EDGE FINE STRUCTURE

several regions. The large zero-loss peak (ZLP) results
from transmitted electrons that have undergone elastic
and quasi-elastic (mainly phonon) interactions, i.e., elec-
trons that have lost no, or very little, energy. Its width
depends primarily on the energy spread and stability of
the electron gun and determines the best resolution that
can be obtained at the core-loss edges. The region im-
mediately following the ZLP and extending to energy
losses of ca. 50 eV, called the low-loss region, is an area
of the spectrum dominated by plasmons. Plasmons can
be described as resulting from the collective excitations
of valence electrons. They can provide information about
the dielectric function (Buechner, 1975), valence electron
densities, and, in suitable cases, the phases present in
alloys. Within the low-loss region are also found edges
caused by transitions from outer shell electrons. Extend-
ing beyond the low-loss region in a spectrum from a thin
sample is a monotonically decreasing background, arising
predominantly from plasmon and single electron excita-
tions, on which are superimposed the core-loss edges.
These features result from the transition of core electrons
to unoccupied states in the conduction band; this requires
the energy transfer between the incident and a core elec-
tron to be greater than its binding energy. The core-loss
edges usually take the form of a step, characterized by a
sudden increase in intensity (Fig. 1b) that decreases in
intensity with increasing energy loss. This sudden rise in
intensity represents the ionization threshold, the energy
of which approximately corresponds to the inner-shell
binding energy and hence is characteristic of the element.
Close to the thresholds and for small scattering vectors,
these core-loss edge transitions are governed by the atom-
ic dipole selection rules for the electronic transitions A/
= +1,and Aj = 0, =1, where / and j are the orbital and
total angular momentum quantum numbers of the sub-
shell from which the electron has been excited. The edges
are classified according to the standard spectroscopic no-
tation, e.g., the Ca L, ; edges in Figure 1b arise from tran-
sitions from the 2p core level.

In the first instance EELS can be used for elemental
analysis, since the edges occur at energy losses equivalent
to the binding energies of the core electrons in the sample,
and the integrated intensity under the edge is related to
the number of atoms under the electron beam. Unlike
EDX, EELS can provide elemental data on all the light
elements except H and He, although the latter has been
detected under certain circumstances, e.g., in nanometer-
sized He bubbles in irradiated Ni alloys (McGibbon,
1991).

Core-loss edges can be divided into two regions (Fig.
1b), the ELNES, extending 30-50 eV above the edge on-
set, and the weaker extended electron-energy loss fine
structure (EXELFS). The equivalent XAS terms are
XANES (X-ray absorption near-edge structure) and EX-
AFS (extended X-ray absorption fine structure). In a sol-
id, the core wave functions show very little change as
compared with an isolated atom. This is not the case for
the outer bonding and antibonding orbitals that can in-
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TasLe 1. Name, simplified formula, valence, coordination, and source of the 3d transition metal containing minerals

Valence and
Mineral name Simplified formula* coordination Source
Fe-bearing minerals
Chromite (Fe,Mg)(Cr.Al,Fe),0, MIFe2+ Gebe Island, Indonesia
Siderite (Fe,Mn)CO, BiFg2+ lvigtut, Greenland
Hematite Fe,O, 1e1Fg3+ Langban, Sweden
Iron analogue of leucite*™* KFeSi,Of (4Fg3+ —
Chlorite (var. daphnite) (Fe?+,Al),,(Si,Al)y0,(OH)s - n1H,O ElFg2+ Redruth, Cornwall, England
Cronstedtite (Fe2+,Fe’+ )s(Si,Al,Fe),0,,(OH),- nH,O eiFg2+, GIFgd+, Fe3+ Wheal Jane, Cornwall, England
Nontronite Ca, osFe,(Si,Al)s0,,(0OH),- nH,O ElFg3+ Lajitas, Texas
Mn-bearing minerals
Ramsdellite MnO, EIMn4+ Pirika Mine, Hokkaido, Japan
Asbolan Mn(O,0H),(Co,Ni),(OH),,- nH,O BIMn4+ Gebe Island, Indonesia
Norrishite KLiMn,Si0,, ElMn3+ Hoskins Mine, N.S.W., Australia
Bixbyite (Mn,Fe),0, 2 x ©BIMn3+ Thomas Mt., Utah
Ganophyllite (K,Ca,Na),(Fe,Mn),(Si,Al);,0.(CH),- nH,O 1BIMn2+ Langban, Sweden
Manganosite MnO EiMnz+ Nordmark, Sweden
Hausmannite a-Mn,0O, “WMn2+, BIMn3+ Kalahari Mine Field, S. Africa
Cr-bearing minerals
Crocoite PbCroO, EICre+ Redlead Mine, Dundas, Tasmania
Volkonskoite Ca, ,(Cr,Fe,Mg),(Si,Al)gO(OH),- nH,O EICr3+ Glazov Region, Udmurtian
Chromite (Fe,Mg)Cr,Al,Fe),0, ©ICr3+ Gebe Island, Indonesia

* Major elements based on qualitative EDX analysis.
** Synthetic Fe analogue of leucite.

teract to form bands of orbitals that are governed by the
solid-state character of the specimen and can be appre-
ciably modified by chemical bonding. The ELNES di-
rectly probes the unoccupied orbitals and therefore re-
flects the environment surrounding the excited atom and
can provide information on bonding, valency, coordina-
tion, and site symmetry. Note that when discussing mi-
croanalysis the edge is taken to mean all transitions from
a given initial state, whereas in discussions of ELNES or
XANES, the edge is taken to mean the structure in the
region close to the threshold.

The EXELFS oscillations are very weak modulations
of the intensity extending several hundred electron volts
above the ELNES region. These oscillations are caused
by an ejected electron with a low kinetic energy behaving
similarly to a free electron. The ejected electron is back-
scattered by the surrounding atom shells, which can pro-
vide information on the coordination number and near-
est neighbor distances. EXAFS studies most commonly
involve analysis of K-edge modulations, such as those
from the transition elements. These K-edges occur at en-
ergy losses of several thousand electron volts, where in-
dividual edges are well separated in energy. Unlike its
sister technique EXAFS, EXELFS is unlikely to be widely
used, since the fine structure modulations often overlap
with other edges in the energy range used to collect EELS
edges, typically <1000 eV.

EXPERIMENTAL SETUP

The instrument used was a VG HB5 STEM operating
at 100 kV and equipped with a cold field emission gun
(FEG). With this microscope, a probe size of ca. 1-nm
diameter was scanned over the sample. The microscope
was operated with a probe semiangle of 11 mrad, a col-
lection angle of 12.5 mrad, and a probe current of ca. 0.5
nA. The small collection semiangle, 8, ensures that the

experiment is in the dipole regime for electronic transi-
tions. A Gatan 666 parallel electron-energy loss spec-
trometer (PEELS) is attached to the top of the microscope
column (Krivanek et al., 1987; Krivanek, 1989). To ex-
emplify the advantage of parallel detection, an 8-s acqui-
sition on the PEELS would require just over 1 h on a
serial detection system. As well as requiring patience from
the operator, long counting times have other associated
problems, including C contamination, lack of microscope
stability, and beam damage to the sample. The spectrom-
eter was calibrated against the Ni L, edge in NiO that has
a peak maximum at 853.2 ¢V, as determined using syn-
chrotron radiation studies (van der Laan et al., 1986).
The samples used in this study have come from a va-
riety of sources or were collected by one of us (L.G.) and
identified by powder X-ray diffraction and EDX. The
minerals containing the 3d transition metal elements are
listed in Table 1, together with their formulae, selected
crystallographic data, and sources. Table 2 lists minerals
used in the coordination fingerprint study. Materials
studied were either checked prior to study in the HB5
STEM by EDX in an SEM, or checked qualitatively by
EDX in the HB5 STEM. Crystalline samples were pre-
pared by crushing selected mineral grains in acetone and
allowing a drop of the fine-grained material in suspension
to dry on a lacy C-coated Cu TEM grid. Alternatively,
clay samples were prepared by dispersing a small amount
of material in distilled H,O, and a small drop of the <2-
pm clay fraction in suspension was dried on the above
grids. Lacy C films were used so that data could be re-
corded from thin electron-beam transparent grains pro-
jecting over the holes. Core-loss edges were recorded with
a dispersion of 0.1 or 0.05 eV per channel in order to
record the detailed fine structure of the edges. The actual
energy resolution is limited by the energy spread of the
FEG, which is close to 0.27 €V at low probe currents. At
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TaBLE 2. Name, simplified formula, and source of C- and Si-containing minerals

Mineral name Simplified formula*

Source

C-containing minerals

Llanelwedd Quarry, Wales
Ivigtut, Greenland

Snarum, Norway
South Western Graphite Mine, Texas
South Africa

Si-containing minerals

Calcite CaCoO,

Siderite (Fe,Mn)CO,

Desautelsite** MgsMn,(CO,)(OH),s-4H,0
Hydrotalcite MgAl,(CO,)(OH),s-4H,0
Amorphous C** C

Graphite C

Diamond C

Quartz «a-Si0,

Talc (Mg, Fe)s(Si,Al)gO,(OH),- nH,0
Nontronite Cag o5Fe,(Si,Al)y0,,(OH), - nH,O
8 silicon carbide** SiC

Si* Si

Llanelwedd Quarry, Wales
Lianelwedd Quarry, Wales
Lajitas, Texas

* Major elements based on qualitative EDX analysis,
** Synthetic material.

normal operating currents, the width increases to a min-
imum of ca. 0.3 eV, which is further increased to ca. 0.45
eV by residual interference. The EELS data were typically
obtained with a scanned raster from areas in the range
130 x 100 to 13 x 10 nm, with acquisition times ranging
from 0.5 to 8 s. With a sample thickness of 20 nm and
an irradiated area of 13 x 10 nm?, this corresponds to a
volume of roughly 2600 nm? and an approximate mass
of 8 x 10-!* g (with p = 3 g/cm?). Since the analyzed
volume is so small, the area probed is almost invariably
part of a single crystal. In a typical EELS experiment, the
dose given at the sample varies from 1.25 x 105 e/A2 for
a0.5-s1t0 2 x 10% e/A? for an 8-s integration time. The
choice of magnification and acquisition time is governed
by the stability of the material under the electron beam.
For each core-loss edge recorded, three additional spectra
were collected: the dark current for the core-loss edge, the
low-loss region, and its corresponding dark current. The
dark current arises from thermally excited current in the
detector. The dark current is then subtracted from the
corresponding spectrum. Before presenting the core-loss
edges, a background of the form AE— was subtracted
from beneath the edge, and the effect of multiple scatter-
ing and asymmetry of the ZLP were deconvoluted from
the edge. The adjustable parameters A and r can be de-
duced by least-squares fitting of the intensity of a specific
region directly preceding the core-loss edges. The topics
of background subtraction and ZLP deconvolution are
described in detail in Egerton (1986).

Sample thickness is an important factor when collect-
ing EELS spectra. In order to reduce the effect of multiple
scattering the thickness should be <50-100 nm for 100-
kV incident electrons (Egerton, 1986). If this condition is
not met, then there is an increased probability that the
transmitted electron will be involved in more than one
inelastic scattering event. Although the effect of a small
amount of multiple scattering can be removed using de-
convolution techniques, it becomes rapidly more difficult
to detect edges as the specimen thickness increases. In the
samples studied, abundant thin areas could always be

produced by simply crushing the material in a mortar and
pestle. The phyllosilicates are ideal materials for EELS
study because of their platy nature, which provides abun-
dant electron-beam transparent areas.

ELNES
Valency determination of 3d transition metals

All of the 3d transition metals are found in natural
phyllosilicates, and they can be a major chemical com-
ponent. Examples include roscoelite (V3*), volkonskoite
(Cr3+), glauconite (Fe**), pennantite (Mn2+), and pime-
lite (Ni?*). Fe is by far the most common 3d transition
metal in minerals. Many spectroscopic techniques have
been used to determine both the oxidation state and co-
ordination of 3d transition metals in minerals: S"Fe Moss-
bauer spectroscopy (Cardile and Brown, 1988; Haw-
thorne, 1988), optical spectroscopy (Rossman, 1988),
XANES (van der Laan et al., 1992; Manceau et al., 1992;
Cressey et al.,, 1993), electron paramagnetic resonance
(Calas, 1988), photoelectron spectroscopy (Rao et al.,
1979), and high-resolution X-ray emission spectroscopy
(Koster and Mendel, 1970; Wood and Urch, 1976). Anal-
ysis of K-edge XANES has proved useful in determining
the coordination and oxidation state of selected transition
metals in minerals (Calas and Petiau, 1983; Manceau et
al., 1992). The feature that most reflects the crystal chem-
ical environment of the transition elements is a preedge
feature before the main K absorption edge. This has been
interpreted as arising from predominantly dipole-forbid-
den s — 3d transitions and so is fairly weak in intensity.
In contrast, the dipole-allowed transitions that give rise
to the L,, edges exhibit numerous strong sharp features
or multiplet structure. Fine structure is not readily ob-
servable on the K-edge prepeak because of the greater
core-hole lifetime broadening associated with the K edge
than with the L, ; edges. The broadening on the L, , edges
of the 3d transition elements is typically 0.1-0.3 eV,
whereas it is three to four times larger on the correspond-
ing K edge. The use of PEELS to determine the oxidation
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state and, in certain circumstances, the coordination of
transition elements is illustrated using the L, ; edges from
Fe, Mn, and Cr.

Several ELNES and XANES studies have shown that
the L,, edges from the 3d transition clements exhibit
structures that are sensitive to the valence state of the
metal (Otten et al., 1985; Otten and Buseck, 1987; Rask
et al., 1987; Krivanek and Paterson, 1990; Paterson and
Krivanek, 1990; van der Laan et al., 1992; de Groot et
al., 1993; Garvie and Craven, 1993, 1994). The ELNES
of the 3d transition metal L, , edges are characterized by
two white-line features (so called because they were first
identified as such on photographic plates) that are nar-
row, intense peaks. These white lines arise from quasi-
atomic dipole-allowed transitions from an initial state,
2p¢3d”, to final states of the form 2p33d"+'. The high
intensity of the 3d transition metal L,; edges is due to
the high density of unoccupied 3d states. The two sepa-
rate edges, L, and L,, arise from the two ways that the
spin quantum number, s, can couple to the orbital an-
gular momentum, /, giving the total angular momentum,
j =1+ s. That gives two separate peaks due to transitions
from 2p, (j = %), forming the L, edge, and 2p, (=
1), forming the L, edge. Final states of s character are
also dipole allowed, but they are less intense because the
dipole-allowed 2p — s transitions are approximately an
order of magnitude less intense than 2p — d transitions.
This, coupled with the fact that s and p densities of state
are rather broad compared with d states, implies that the
L, , edges essentially represent transitions to the vacant
3d orbitals. Hence the ELNES reflects the local environ-
ment and charge state of the 3d transition metal ion in
question.

An isolated 3d transition metal ion such as Mn?* has
five degenerate 3d orbitals. In a solid, the effect of the
field from the surrounding ligands is to split the 3d or-
bitals into two or more separate orbitals. In minerals, the
3d transition metals are predominantly octahedrally co-
ordinated and exhibit a wide range of symmetries. For
high-spin compounds the effect of the ligands is to split
the degenerate 3d orbitals into the lower energy t,, and
higher energy e, orbitals. The energy difference between
these two sets of orbitals is defined as the crystal field
parameter, designated as 10Dq (or A in some texts). As
will be seen later, the crystal field can have large effects
on the shape of the L,, edges. In the following sections
on the L,, edges, the discussions will be primarily con-
cerned with the analysis of the L, edges, which are more
intense and exhibit more multiplet structure than the
broader L, edges. The increased broadening of the L,
edge, in comparison with the L, edge, is due to the avail-
ability of the extra Coster-Kronig Auger decay channel,
which reduces the lifetime of the final state and hence
increases the width of the L, multiplet lines.

Fe. Fe is found as both Fe2+ and Fe** in minerals, and
it is often the case that more than one valency and co-
ordination is present in the same mineral. Minerals con-
taining Fe>* and Fe3* are most commonly octahedrally
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Fig. 2. Fe L,, edges from reference materials. Synthetic iron
analogue of leucite (Fe*+ ), hematite (*1Fe*), siderite (9Fe"),
and chromite (“WFe?+). The spectra illustrated here and in sub-
sequent figures are shown on an arbitrary scale.

coordinated, although Fe in tetrahedral coordination is
sometimes found. Fe in minerals is expected to be in the
high-spin state, as only strong field ligands such as CN~
can cause spin pairing. Before the discussion of the Fe
L, , edges for several phyllosilicates, the Fe L, ; edges from
a number of reference minerals containing Fe?* and Fe**
in both octahedral and tetrahedral coordination are dis-
cussed. They are chromite (“Fe?+), siderite (’Fe?* ), he-
matite (/Fe’+), and the Fe analogue of leucite (“Fe**).

The L, edges from the reference compounds (Fig. 2)
all show different edge shapes, as well as a distinct chem-
ical shift between the divalent and trivalent Fe L, edges
(Table 3). These basic edge shapes are consistent with
published Fe L, XANES (Cressey et al., 1993) and ELNES
(Krishnan, 1990; Kurata et al., 1990) spectra. The L, edg-
es for the divalent Fe minerals are at ca. 707.8 eV, and
the trivalent Fe L, edge is 1.7 €V higher, at ca. 709.5 eV.
The separation of the L, and L, peak maxima, due to
spin orbit splitting, is ca. 11 eV. The Fe L, edges from
the reference compounds illustrate that different site sym-
metries are recognizable by changes in the multiplet
structures on the L, edges. Hematite has a distinctive L;-
edge shape, with a prepeak leading the main L, peak,
whereas the Fe analogue of leucite, which contains ¥Fe’,



416

TaBLE 3. Energies (eV) of the L, and L, edge peak maximum
for selected 3d transition metal-containing minerals

Element valence

Mineral name and coordination L, peak max. L, peak max.
Siderite ClFg2+ 707.8 720.4
Hematite ElFg3+ 709.5 722.6
Manganosite BIMn?2+ 640.2 650.3
Norrishite ipMn3+ 642.5 653.6
Bixbyite EiMn3+ 641.8 652.6
Asbolan BlMn4 + 643.8 654.3
Chromite BICy3+ 578.6 586.6
Crocoite 1ICrs+ 580.9 589.5

Note: error in energy values is +0.2 eV,

shows an L, edge without any pronounced fine structure.
The ©IFe?* L, edge from siderite shows several partially
resolved multiplets on both the low- and high-energy sides
of the L; peak maximum, whereas these are not present
on the L, edge of chromite. However, the peak at ca. 710
€V is much stronger in chromite than in siderite. The L,
edges from hematite, the Fe analogue of leucite, and sid-
erite correspond closely with the theoretical atomic mul-
tiplet spectra calculated by van der Laan and Kirkman
(1992), which confirms the single valence and site sym-
metry of the Fe in these samples. However, for chromite
the experimental edge has a much larger subsidiary peak
at ca. 710 eV than the calculated edge for Fe?+ with the
appropriate 10Dq. This subsidiary peak is at approxi-
mately the correct energy for the L, edge from Fe3+. It
therefore appears that the chromite contains several per-
cent of Fe** substituting for ¥ICr3+, as is often the case
for chromite (e.g., Yang and Seccombe, 1993). The pres-
ence of Fe’* in octahedral sites was confirmed by EDX,
which showed that the majority of octahedral sites are
filled with Cr and Al, with approximately one out of ev-
ery 16 octahedral sites occupied by Fe.

The two peaks on the L, edge in hematite are separated
by 1.5 eV, as they are in many other minerals containing
1Fe?* (unpublished results). These two peaks have been
interpreted in terms of a simple crystal field model
(Krishnan, 1990), where they have been assigned to the
t,, and e, orbitals. Although such a simplistic ligand field
approach appears to explain the features on the Fe L,
edge, as well as on the Mn L, edges from minerals con-
taining Mn** and Mn** (Garvie and Craven, 1993) and
compounds with the valence of the 3d transition metal
in the d° state (Brydson et al., 1987, 1989a), that is not
generally the case (de Groot et al., 1990a, 1990b). The
value of the crystal field strength for hematite can be es-
timated by comparing its L, edge with the calculated
atomic multiplet spectra of van der Laan and Kirkman
(1992). Their best fit to the experimental hematite L, edge
is to the spectrum calculated for O, symmetry with a
10Dq value of 2 eV, which is close to the value of 1.9 eV
determined by optical spectroscopy for hematite (Maru-
sak et al., 1980). Similarly, the values of the 10Dq can
be estimated to be 1 and 0.5-1 eV for the Fe analogue of
leucite and siderite, respectively.
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Fig. 3. Fe L,; edges from three phyllosilicates. Nontronite
(dominantly ¥/Fe*+ ), cronstedtite (three distinct Fe sites, ©)Fe?+,
¥IFe>+, and “Fe’+ ) and the chlorite daphnite (dominantly ©1Fe2+
with a few percent 1Fe3+ ).

The Fe L, , edges from a number of phyllosilicates con-
taining various Fe**-Fe* ratios were collected, and rep-
resentative spectra are illustrated in Figure 3. The data
were collected from individual well-defined clay particles,
typically from areas measuring 130 x 100 nm2. Daphnite
has an Fe L,, edge shape similar to that from siderite,
confirming both that the Fe is octahedrally coordinated
and divalent. The higher intensity of the partially re-
solved peak on the high-energy side of the L, edge, in
comparison with that on the siderite L, edge, may indi-
cate the presence of a small amount of Fe3*. That has
been confirmed for this sample by "Fe Mossbauer spec-
troscopy (Goodman and Bain, 1979). Cronstedtite con-
tains a number of Fe sites: “Fe3+, ©Fe3+  and 6!Fe2+
(Bailey, 1988). The presence of both Fe** and Fe?+ is
visible from the double-peaked L, edge, the two edges
being separated by 1.7 eV. The partially resolved peak
on the low-energy side of the Fe2* L, edge indicates that
it is dominantly octahedrally coordinated, as expected
from the crystal structure. Although the presence of Fe3+
is confirmed by the peak 1.7 eV higher in energy than the
Fe** edge, it is not obvious from the L, edge that both
“IFe** and IFe** are present. Nontronite gives an Fe L, ,-
edge shape identical to that from hematite, indicating that
the majority of the Fe is ¥1Fe3+, as expected for nontron-
ite (Giiven, 1988). The splitting between the two peaks
on the L, edge in nontronite is slightly less than in he-
matite, indicating a slightly smaller crystal field value.
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This is consistent with the 10Dq of 1.77 eV for nontron-
ite determined by optical spectroscopy (Bonnin et al.,
1985). As illustrated by comparing the L, edge from he-
matite with that from nontronite, it is possible to obtain
a relative, and possibly quantitative, measure of the crys-
tal field strength acting on the metal ion from the mul-
tiplet splittings.

Since the Fe2+ and Fe*+ L, edges are well separated in
energy, it is possible to determine Fe*+-Fe** ratios by
fitting reference spectra to the experimental Fe L, , edges.
This has been demonstrated by Cressey et al. (1993) using
XANES from a number of Fe-containing minerals having
mixed valency and coordination. The same would also
be possible using EELS data, as long as a small collection
semiangle, 3, was used in the microscope, which would
ensure that only dipole-allowed transitions were collect-
ed. Under this condition, EELS and XAS are equivalent.
The success of determining Fe3+-Fe2+ ratios by fitting
reference spectra in part depends on the constancy of the
Fe L,;-edge shapes in different materials and environ-
ments. The spectra illustrated in Figures 2 and 3 and
pubtlished Fe L, EELS and XAS spectra (Krishnan, 1990;
Krivanek and Paterson, 1990; Kurata et al., 1990; Pat-
erson and Krivanek, 1990; Cressey et al., 1993) indicate
that the Fe?* and Fe** L,; edges do not show large de-
viations from the calculated Fe L, edge spectra of van
der Laan and Kirkman (1992), and so Fe**+-Fe?* ratio
determination should be possible for compounds con-
taining Fe?>* and Fe** in roughly tetrahedral and octa-
hedral coordination where the Fe to ligand bonds are
dominantly ionic. The crystallinity of the mineral should
also have little effect on the shape of the Fe L, ; edges, if
one assumes that the metal to ligand bonds are domi-
nantly ionic, since the spectra for Fe?+ and Fe*+ are dom-
inated by quasi-atomic transitions that give rise to the Fe
L, , edge, with only some modification due to the solid
state environment. Fe3+-Fe?* ratio determination is ex-
pected to be more difficult when a multivalent or multi-
site compound contains sites that are highly distorted from
T, or O, symmetry, as in iron phthalocyanine (Koch et
al., 1985), which contains Fe in a square planar site, or
when the character of the ligands bonded to the Fe causes
the Fe to assume the low-spin state, as in FeS, (Thole and
van der Laan, 1988) and the iron isocyanates (Kurata et
al., 1990). Although Cressey et al. (1993) have shown that
it is possible to determine the Fe3+-Fe2* ratio in a num-
ber of materials, such as spinels, amphiboles, Fe-contain-
ing glass, and amethyst, this implies that one can deter-
mine the Fe3+-Fe>* ratio at the nanometer scale using
EELS, assuming the energy resolution of the EELS/TEM
setup is ~0.5 eV or better. Such an energy resolution is
usually only obtained with an ultra-high vacoum TEM
fitted with a cold field emission gun. .

Mn. Mn is another element common in the geological
environment, and chemically it can exhibit a large num-
ber of oxidation states and coordinations. In contrast to
Fe, Mn is found in the three oxidation states II, III, and
IV in nature, although Mn in sedimentary and surficial
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Fig. 4. Mn L,, edges from representative Mn compounds
showing the effect of different oxidation states on the shape and
energy of the L,, edges. Manganosite (®¥Mn2+), ganophyllite
('™Mn2+), bixbyite (two distinct ®"Mn’* sites), norrishite (single
BIMn3+ site), asbolan (¥'Mn** ), and ramsdellite ('Mn**).

Mn minerals is more likely to be Mn** and Mn**. The
coordination of Mn is almost always octahedral, although
“Mn2+ is found in some minerals such as jacobsite, ga-
laxite, and hausmannite. Mn minerals are often fine-
grained heterogeneous mixtures containing more than one
oxidation state. That makes the determination of their
oxidation state by conventional spectroscopic and chem-
ical techniques very difficult and imprecise, as it only
gives a summed average of the oxidation states from the
bulk sample. The high spatial and energy resolution of-
fered by PEELS in a FEG-STEM is ideal for obtaining
such information.

Figure 4 compares the Mn L, ; edges from a number of
Mn-containing minerals. There are three obvious changes
in the spectra with an increasing oxidation state of the
Mn: a move to higher energy losses of the L, peak max-
imum (Table 3), a decrease in the L,-L, white line inten-
sity ratio, and a characteristic shape change of the L,,
edges. Manganosite illustrates a typical Mn?* L,, edge
with an L, peak maximum at ca. 640 eV; many other
high-spin Mn?* compounds have been studied previous-
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Mn2+
| s MnL,,
Hausmannite
635 640 645 650 655
Energy-Loss (eV)
Fig. 5. Mn L,; edges from a well-crystallized specimen of

hausmannite. The L, edge is split into two peaks because of the
two Mn sites in hausmannite (“'Mn?* and ©Mn3+).

ly, and all exhibit the same basic edge shape with little
variation in coordination number or site symmetry (Rask
etal., 1987; Garvie and Craven, 1993). The Mn L, ; edges
from ganophyllite have the same shape and L, energy as
in manganosite, indicating that the Mn is dominantly
Mn?+, as is commonly assumed for this mineral (Dunn
et al., 1983). The Mn L, , edges shown here are typical of
high-spin ©!Mn?+. Low-spin ¥)Mn2+ is not thought to oc-
cur in natural minerals, although it has a characteristic
edge shape (Cramer et al., 1991) that can be used to dis-
tinguish it from high-spin ®!Mn2+. Two minerals are il-
lustrated that contain Mn?+, bixbyite, and the oxybiotite
norrishite (Tyrna and Guggenheim, 1991). The Mn L, ,
edges in both minerals are very similar in shape, with a
broad L, edge and a maximum at ca. 642 eV. In bixbyite
the L, peak maximum is split into two peaks separated
by ca. 0.5 eV, and there is further evidence of unresolved
multiplet splitting on the low-energy side of the L, peak.
In norrishite only partially resolved multiplets are ob-
served; this was observed for several Mn3+ L, edges (Gar-
vie and Craven, 1993) where the Mn sits in a Jahn-Teller
distorted environment due to the d* electron configura-
tion. The last two examples in Figure 4 are from the Mn#*+
minerals asbolan and ramsdellite (Miura et al., 1990). As
with the Mn?* and Mn>* L,, edges, the Mn* L, edges
have distinct edge shapes, with an L, peak maximum at
ca. 644 eV. All Mn** L, , edges have similar shapes, with
a broad L, edge and a double peaked L, edge. The two
peaks on the L; edge have been interpreted in terms of
crystal field theory and assigned to the t,, and e, orbitals,
respectively (Garvie and Craven, 1993). Similar assign-
ments were made on the Mn2+ L; edge. Interpretation of
the Mn*+ L, edge is more complicated because of the
tetragonal distortion of the octahedron caused by the Jahn-
Teller effect, which further splits the t,, and e, orbitals.
The Mn L, edge from manganite was assigned orbitals
based on D,, symmetry in Garvie and Craven (1993).

Mn?2+

Mn L3

Mn3+

>

636 638 640 642 644 646 648

Energy Loss (eV)

Fig. 6. Representative L, edges from another sample of haus-
mannite. The L, edges are arranged from top to bottom with an
increase in intensity of the Mn3+ peak corresponding to an in-
crease in the relative amount of Mn?+,

The ability of PEELS to observe variations in oxida-
tion state at high spatial resolution was studied in two
samples of hausmannite. Both samples occurred as small,
octahedral crystals of ~1 mm in size but were from dif-
ferent localities. The first sample gave distinct and similar
Mn L, , edge shapes from all the areas studied under the
microscope. Figure 5 illustrates a typical L,; edge from
the first sample. A similar edge shape has been recorded
by XANES (Cressey et al., 1993) and ELNES (Paterson
and Krivanek, 1990). The Mn L, edge from hausmannite
can be interpreted by consideration of its crystal struc-
ture. Hausmannite can be represented by the formula
“Mn2+Mn3+ O, with an ideal Mn?*+-Mn2* ratio of 2:1,
although experimentally synthesized hausmannite was
found to have Mn3+*-Mn2+ ratios varying from 2 to 3.5
(Kaczmarek and Wolska, 1993). The L, edge shows two
distinct peaks separated by 1.6 ¢V. The first one is at 640
eV, consistent with Mn2*, and the second one is ca. 1.5
eV higher and is from Mn?*. The second sample of haus-
mannite exhibited a range of Mn L,-edge shapes. Rep-
resentative spectra are illustrated in Figure 6. It is evident
from these spectra that there are large variations in the
Mn3+-Mn?* ratio, ranging from almost pure Mn2+ (at the
top of Fig. 6) to edges that resemble ideal hausmannite
(middle of Fig. 6) to edges that are dominated by Mn3+
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(bottom of Fig. 6). These variations can occur over dis-
tances as short as 100 nm.

Cr. In nature, Cr occurs in two oxidation states, IIT and
VI. The Cré+ ion occurs exclusively in the chromate and
dichromate anions, as in crocoite, PbCrQ,, and has not
been found in clay minerals. The best-known Cr-bearing
clay is the smectite volkonskoite, which has a bright green
color due to the high percentage of Cr residing in the
octahedral layer (Giiven, 1988). the Cr L, ; edges for three
minerals are illustrated in Figure 7. The Cr L,; edges
from chromite show the same multiplet structure and ba-
sic edge shapes as the theoretical atomic multiplet spectra
of van der Laan and Kirkman (1992) for Cr3* in O, sym-
metry and 10Dq values of 2-2.5 ¢V. This range of 10Dg
values is consistent with the crystal field strength of ©Cr3+
compounds bonded to O that have optically determined
10Dq values of 2.1-2.5 eV (Lever, 1984). The Cr L, edge
for chromite is at 578.6 eV. When one compares the Cr
L, edges from volkonskoite and chromite, it is evident
that the various features have the same shape and energy
positions. This directly confirms the trivalent nature of
Cr in the volkonskoite. The features on the L, edge in the
volkonskoite are slightly broader than those from the
chromite, which can possibly be attributed to the more
distorted octahedral environment in the former mineral.
Similar edge shapes have been recorded previously for
the Cr L, edges from Cr,0O; (Kurata et al., 1988; Kri-
vanek and Paterson, 1990). For comparison, the Cr L, ,
edge from crocoite is illustrated in Figure 7. This edge is
consistent with lower energy resolution PEELS work on
K,CrO, (Kurata et al., 1988). The L, and L, edges are
resolved into two separate peaks, and there is a shift of
the L, peak maximum to a higher energy loss (Table 3),
consistent with the higher effective charge on the Cr atom.
The “ICré+ L,,-edge shape is characteristic of tetrahe-
drally coordinated XO3;~ anions (X = Ti, V, Cr, and Mn)
in general (Brydson et al., 1993) and provides a finger-
print for these species.

Anion and cation coordination fingerprints

Many EELS spectra exhibit a near-edge structure char-
acteristic of the arrangement and number of atoms in the
first coordination shell surrounding an atom. This gives
rise to the concept of a coordination fingerprint (Brydson
etal., 1988; Sauer et al., 1993). A coordination fingerprint
arises when the excited atom is surrounded by atoms that
are strong electron backscatterers, such as O~ and F-.
In that case the near-edge structure is dominated by scat-
tering events within the first coordination shell surround-
ing the atom. The ELNES structure may then be related
to the molecular orbital (MO) structure of the excited
atom and its nearest neighbors (Sauer et al., 1993). Some
examples of ELNES coordination fingerprints include the
B K edge from BO, and BO, (Sauer et al., 1993), the S
and P X edges from SO3;- and PO}~ anions (Hofer and
Golob, 1987), the L,, and K edges from Al and Al
(Brydson et al., 1989b; Ildefonse et al., 1992), and the K
edges of “/Mg and “'Mg (Tafte and Zhu, 1982).
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Fig. 7. Cr L,, edges for chromite (®/Cr’+), volkonskoite
(1Cr3+), and crocoite (YCré+).

Several allotropes of C exist, the most well known be-
ing diamond, graphite, and the fullerenes such as C.
Between the extremes of sp*-bonded diamond and sp?-
bonded graphite are a whole range of carbonaceous ma-
terials that have intermediate bond types, such as glassy
C and evaporated amorphous C (Robertson, 1986; Rob-
ertson and O’Rielly, 1987). In minerals, inorganically
bonded C is found almost exclusively in the carbonate
anion, CO?~. Its structure consists of a central C atom
that is bonded to three planar trigonal O atoms. The
CO?%~ anion is isostructural and isoelectronic with BO3-
and NO; anions, which all exhibit similar K ELNES
shapes. The C K ELNES from the minerals containing
the carbonate anion exhibit an edge shape consisting of
a sharp initial peak at 290.2 eV and a broader, less in-
tense, feature with a maximum at 301.3 eV (Fig. 8). These
features may be attributed to transitions to the unoccu-
pied #* and ¢* antibonding molecular orbitals of a
COz?- cluster, respectively. The C K edge from the CO3-
anion is illustrated for calcite, siderite, and two members
of the hydrotalcite group, hydrotalcite and desautelsite
(Fig. 8). The extra structure on the ¢* peak from calcite
is probably due to scattering from shells surrounding the
carbonate cluster. For comparison, Figure 8 illustrates the
C K edge for evaporated amorphous C, graphite, and di-
amond. Their edges are consistent with previously pub-
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Fig. 8. C Kedge from minerals containing the carbonate an-
ion (calcite, siderite, desautelsite, and hydrotalcite) and three
allotropes of C (amorphous C, graphite, and diamond).

lished XANES and ELNES for these materials (Kincaid
et al.,, 1978; Rosenberg et al., 1986; Berger et al., 1988;
Weng et al., 1989a; Bernatowicz et al., 1990; Batson and
Bruley, 1991; Katrinak et al., 1992). The fullerenes C,
and C,, also have C K edge shapes similar to that from
graphite but with differences due to the molecular nature
of the C, and C,, molecules (Terminello et al., 1991;
Shinohara et al., 1991). Amorphous C and graphite have
basically the same edge shapes, with an initial peak at
285 eV and a second more intense feature at ca. 290 eV;
the similarities can be explained in terms of the similar-
ities in their bonding. Diamond has a different edge shape
from graphite, with a peak maximum at 292.6 eV. The
differences between the C K edges in graphite and dia-
mond may be explained by the presence of sp? bonding
in graphite, which results in a peak at 285 eV, identified
as transitions to the =* molecular orbital, and a second
peak at 290 eV, due to transitions to ¢* orbitals (Weng
et al.,, 1989a). In diamond the bonding between the C
atoms can be explained in terms of tetrahedrally directed
sp® hybrid orbitals, and the first peak is identified as aris-
ing from transitions to molecular orbitals of ¢* character
(Weng et al., 1989a).

SiLys

Nontronite

120 130
Energy Loss (eV)

100 110 140

Fig. 9. Si L,; edges from three silicates containing SiO, tet-
rahedra (quartz, talc, and nontronite). For comparison, the Si
L, , edges from $-SiC and Si are also shown.

The presence of Si in minerals is almost exclusively
associated with the SiO, tetrahedron. These tetrahedra
may join together to form a large number of crystalline
silica polymorphs (Keskar and Chelikowsky, 1992), as
well as amorphous and glassy phases. The silicates are
also characterized by the SiO, tetrahedron: these tetra-
hedra are present in simple isolated tetrahedra, as in the
neosilicates, but also join together to form a huge number
of structures (Liebau, 1985). A common cation finger-
print observed in minerals is the Si L,, edge from “ISi.
The Si L,, edges from quartz, talc, and nontronite are
illustrated in Figure 9, together with the Si L, ; edges from
Si and SiC. The Si L, edges from quartz and the two
clay minerals exhibit very similar edge shapes, character-
ized by two initial sharp peaks, peaks A (106.3) and B
(108.4 eV), followed by a sharp peak C (115.0) and a
broad peak D (ca. 133 eV). Peak A, from quartz, is split
into two peaks separated by 0.45 ¢V, a similar splitting
has been recorded by high-resolution XANES (Li et al.,
1993) and EELS (Garvie, unpublished data). The ob-
served structures have been assigned to the unoccupied
molecular orbitals of a SiO4- tetrahedron (McComb et
al., 1991; Li et al., 1993). Thus based on the molecular
orbital assignments in McComb et al. (1991) and Li et
al. (1993), the four peaks from the quartz Si L,, edge
have been assigned to the following unoccupied molec-
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ular orbitals: peak A = a, (s-like), peak B = t, (p-like),
peak C = primarily e (d-like), and peak D = t, (d-like).
This Si L, ;-edge shape is seen in the majority of silicates,
although a recent study of the neosilicates (McComb et
al., 1991, 1992) illustrates that the fingerprint technique
must be used with care. Relative to quartz, the Si L,,
ELNES from zircon (McComb et al., 1992) shows a dis-
tinctly different edge shape, which is related to the highly
distorted SiO$~ tetrahedra. Octahedrally coordinated Si,
which rarely occurs in minerals, is present in stishovite.
The Si L, ; absorption edge from stishovite (Li et al., 1993)
is considerably different in shape from the Si L, ; ELNES
in minerals containing regular or distorted SiO, tetrahe-
dra, which implies that the edge shape may be used as a
guide to the coordination of the Si. The different Si L, ,
ELNES from minerals containing regular or distorted SiO,
tetrahedra could possibly be used as a guide to the site
symmetry of the Si, although further experimental work
will be needed to confirm this. For comparison, the L, ;
edges from SiC and Si are illustrated in Figure 9. The
differences in the edge shapes between the Si L, ; edges
from the silicates and the Si and SiC can be understood
in terms of the differing unoccupied densities of states
(Weng et al., 1989b, 1990), whereas the different posi-
tions of the edge onsets are related to the differing effec-
tive charges on the Si atoms in the different materials.

MODELING CORE-LOSS EDGES

A host of theoretical techniques have been used to
model EELS core-loss edges, which can be divided rough-
ly into two types (de Groot et al., 1993): the local density
approximation (LDA) and the ligand field multiplet (LFM)
approaches. The former includes methods such as band
structure, multiple scattering, and molecular orbital cal-
culations (see Brydson, 1991, for an introduction to these
methods as applied to ELNES data). These are suitable
for weakly correlated systems where the interaction of the
excited electron with the core hole created by the exci-
tation process is small. The LFM method explicitly takes
account of electron-electron and electron-core hole inter-
actions in strongly correlated systems and has been most
successfully used to model the 3d transition metal L,,
edges (de Groot et al., 1990a, 1990b; van der Laan and
Kirkman, 1992; Cressey et al., 1993) and M, , edges (van
der Laan, 1991). Two contrasting methods for modeling
the different core-loss edges in MnO are illustrated: the
multiple scattering method to model the O K edge and
the atomic multiplet method for the Mn L, edge.

Multiple scattering calculations

The multiple scattering calculations were performed
using the ICXANES computer code of Vvedensky et al.
(1986) using full multiple scattering. Multiple scattering
theory is based on the interference between the outgoing
ejected electron wave and the returning backscattered
electron wave. Briefly, the transition rate of excitation is
calculated within the dipole approximation, using essen-
tially an atomic contribution modified by multiple elastic

421

Experimental

7 shells

4 shells

2 shells

550 560 570

Energy Loss (eV)

5(;0 540
Fig. 10. Experimental O K edge from MnO compared with
the results of the multiple scattering calculations for different

cluster sizes. The results for shells 3 and 5 are not illustrated, as
they had little effect on the final plot.

scattering of the excited electron by the surrounding at-
oms. This approach, while formally equivalent to a Kor-
ringa-Kohn-Rostocker band structure calculation, is con-
siderably more flexible, allowing the inclusion of excited
atom potentials to account for the effects of the excitation
process. The scattering properties of the various atoms
are described by phase shifts that may be calculated by
numerical integration of the Schrodinger equation, as-
suming a muffin-tin form for the atomic potentials in the
crystal, obtained by the simple superposition of neutral
atomic charge densities. The multiple scattering calcula-
tion is performed in real space by dividing the cluster
into shells of atoms surrounding the central excited atom.
The multiple scattering is solved within each shell in turn,
and the results are then combined to reassemble the final
cluster, use being made of any structural symmetry.
Many studies have illustrated the applicability of the
multiple scattering approach in modeling ELNES and
XANES spectra (Oizumi et al., 1985; Lindner et al., 1986;
Brydson et al., 1988, 1992b; McComb et al., 1992; Sipr,
1992; Kurata et al., 1993). The calculations for the O K
edge in MnO (Fig. 10) were performed for seven shells,
extending to a cluster radius of 11.86 au (where 1 au =
0.52918 A) around an O atom. The core hole was ac-
counted for by the use of the (Z + 1)* approximation for



422

10Dg=2.0

Experimental
Mn L; edge

10Dg=0.5

636 638 640 642 644 646
Energy Loss (eV)
Fig. 11. Comparison of the Mn L, edge from manganosite

(®Mn?* ) with the calculated Mn d* atomic multiplet spectra for
Mn2* in O, symmetry with crystal field strengths of 0.5-2.0 eV.

the central O atom in the cluster. In agreement with the
findings of Lindner et al. (1986) and Rez et al. (1991) on
MgO, the dominant scatterers in oxide structures are the
O atoms, and it is possible to reproduce many of the
major features using a cluster that ignores the Mn atoms.
The following cluster surrounding a central O atom was
used: shell 1 = six Mn atoms at 4.19 au, shell 2 =12 O
atoms at 5.93 au, shell 3 = eight Mn atoms at 7.26 au,
shell 4 = six O atoms at 8.38 au, shell 5 = 24 Mn atoms
at 9.37 au, shell 6 = 24 O atoms at 10.27 au, and shell 7
= 12 O atoms at 11.86 au. By varying the cluster size,
the features in the experimental O K edge can be assigned
to specific scattering events. The six main features of the
experimental O K edge, labeled a—f, are successfully re-
produced by the multiple scattering calculation (Fig. 10).
The first peak, a, can be adequately reproduced using
solely the first coordination shell (shell 1) of Mn. The
dominant scattering events are d-like scattering from Mn
and p-like scattering from O. Hence this feature reflects
transitions to unoccupied O 2p states hybridized with the
narrow metal 3d band that is highly localized around the
metal atom sites. This region therefore reflects the co-
valence in the transition metal oxides. This is in agree-
ment with the previous work on the O K edges of 3d
transition metal compounds (de Groot et al., 1989; Kura-
ta et al., 1993). Peak b appears to arise only after inclu-
sion of a third O shell (sixth coordination shell) indicating
that this region is also sensitive to longer range effects.
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The sharp intense peak c arises because of intrashell mul-
tiple scattering within the first O coordination shell and
reflects transitions to unoccupied O 2p states hybridized
with the more delocalized Mn 4s and 4p states. Peaks d
and f are adequately reproduced after the addition of a
third O coordination shell (shell 6) and arise from mainly
intershell multiple scattering. Finally, the large broad peak
¢ is modeled using the first O coordination shell and may
be adequately reproduced using solely single scattering.
Such a basic resonant feature is known as a multiple scat-
tering resonance, and its energy position follows the re-
lationship E o Y, (where E is the energy of the feature
above the edge onset and R is the O-O distance). Thus
such multiple scattering resonances provide a means of
determining bond lengths and bond length variations
(Kurata et al., 1993). Multiple scattering resonances arise
since certain ions (notably the oxide anion) are relatively
strong backscatterers and give rise to a potential barrier
for electron scattering.

Atomic multiplet calculations

The 3d transition metal L, , edges cannot be modeled
in terms of a one particle density of states because of the
large electron correlation effects in the partially filled 3d
orbitals and the strong interaction with the 2p core hole
created during the excitation process. The LFM approach
has been used to model the L, ; edges in a number of 3d
transition metals and compounds (de Groot et al., 1990a,
1990b; van der Laan and Kirkman, 1992). The theoret-
ical Mn?+ L,, data presented here were calculated by van
der Laan and Kirkman (1992) and take account of the
following effects in order to calculate the 2p$3d" —
2p33d~+! dipole transitions: 2p-3d and 3d-3d Coulomb
and exchange interactions, 2p and 3d spin-orbit interac-
tions, and the crystal field acting on the 3d states. Al-
though transitions 2p — 4s are dipole allowed, they have
been neglected in the calculations because the 2p — 3d
transitions dominate over the transitions to 4s states. The
3d-3d and 2p-3d two particle interactions define the
ground state of the transition metal ion and split the EELS-
XAS final state into a large number of configurations. The
calculated atomic multiplet spectrum for the 3d” com-
pounds (n > 0) typically consists of hundreds of unre-
solvable final states spread over typically 15 eV for the
Mn L, ; edges. In order to compare the multiplet spectra
with experimental ones, the multiplet lines are broadened
to take into account effects such as lifetime and vibra-
tional broadening and hybridization.

The validity of the atomic multiplet method to model
the experimental L, edge is illustrated in Figure 11. In
this figure the theoretical multiplet spectra for Mn?* in
0O, symmetry with crystal field values of 0.5, 1, 1.5, and
2 eV are compared with the Mn L, edge from MnO. The
agreement between the experimental L, edge and the the-
oretical L, edge with a crystal field value of 1 eV is ex-
cellent. All the features on the experimental edge are re-
produced in the theoretical spectrum. This crystal field
value of ca. 1 eV, determined by comparing the experi-
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mental L, edge with the theoretical ones, is also in good
agreement with the 10Dqg of 1.2 eV (Pratt and Coehlo,
1959) determined for MnO by optical spectroscopy. The
good agreement between the theoretical and experimental
Mn L, edge for MnO is in part due to the dominantly
ionic bonding between Mn and O. For more covalent
compounds such as Mn-O bonding in pyrolusite, the ex-
perimental and theoretical edges show quite different
structures (Garvie and Craven, 1993, 1994). Most theo-
retical atomic multiplet spectra calculations assume sole-
ly ionic-type bonding, although introducing terms in the
calculations for covalence can be used successfully to
model more covalent compounds (van der Laan et al.,
1986), but this is more difficult.

EFFECTS INDUCED BY THE ELECTRON BEAM

In minerals, the main effects of electron beam irradi-
ation are element mobility and amorphization (Champ-
ness and Devenish, 1992). These effects are most notable
during EDX in a TEM, where element mobility and loss
is often a major problem, particularly with the long
counting times required for EDX. These problems can be
especially acute for the clay minerals (van der Pluijm et
al., 1988), which often contain mobile elements such as
K, as well as H,0 and OH. In many instances the effects
induced by the electron beam change the nature of the
solid and therefore also the environment of specific at-
oms. These changes can be followed using an atom-spe-
cific probe such as PEELS. PEELS has been used to fol-
low the changes occurring during the electron irradiation
of solids, such as the transformation of calcite to CaO
(Walls and Tencé, 1989; Murooka and Walls, 1991) and
the transformation of BO, to BO, in hydroxyborates (Sauer
et al., 1993). Egerton et al. (1987) provided a good over-
view of PEELS-related studies of chemical changes in-
duced by the electron beam. In materials containing 3d
transition elements, the changes in the edge shape are
consistent with changes in the valency of the transition
metal atom. This has been studied in detail in the mineral
asbolan (Garvie and Craven, 1994), where it was possible
to follow the reduction of the Mn** to Mn?* with intense
electron beam irradiation. During irradiation the Mn L, ,
edge changes its shape and position, consistent with in-
creasing proportions of Mn*+ and finally Mn?+,

Although the majority of materials containing Mn in
the oxidation states of III or IV were found to be reduced
to lower oxidation states, the opposite has occasionally
been observed. In sussexite, Mn2+*BO,(OH), and gano-
phyllite, the L, edge initially changed in shape and energy
from an Mn?* to an Mn** L, edge. Further irradiation
caused the Mn** edge to revert back to an Mn2+ edge.
Similar behavior was observed in all the phyllosilicates
that contained Fe?*. After a short period of irradiation,
the Fe?* component was completely transformed to an
L, edge having the same energy and shape as ©1Fe**. The
oxidation of the Fe?* in the phyllosilicates and the Mn2+
in sussexite and ganophyllite is presumably linked to the
loss of H in the OH anions, which is expected to be very
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mobile under the electron beam, and subsequent oxida-
tion of the metal.
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